Abstract Diabetic macular edema (DME) is a leading cause of vision loss throughout the world. Three different corticosteroids have been used in the treatment of diabetic macular edema: triamcinolone acetonide, dexamethasone, and fluocinolone acetonide. Intravitreal injection of all three corticosteroids is associated with a similar side effect profile including worsening/formation of cataract, elevation of intraocular pressure, pseudo-endophthalmitis, and infectious endophthalmitis. Sustained-release implants of corticosteroids have recently been studied, and one has recently received FDA approval as the first corticosteroid for the treatment of diabetic macular edema. This review will address some of the major studies evaluating corticosteroids for DME and will focus on studies published within the last 2 years.
Introduction
Diabetic retinopathy (DR) is a leading cause of vision loss in the developed world. Based on a population estimate from 2005 to 2008, 28.5 % of adults over the age of 40 with diabetes in the United States have DR with an overall prevalence of 3.8 % [1] . Diabetic macular edema (DME) carries a significant burden of vision loss in patients with diabetes and can manifest in patients with any degree of DR. Estimates of the prevalence of DME in patients with diabetes range from 10 to 20 % [2, 3] . The prevalence of clinically significant macular edema (CSME) in adults over the age 40 with diabetes in the United States is 2.7 % [1] . Approximately half of all patients with untreated DME will lose two or more lines of vision within 1 year [4] . DME is defined as thickening of the macula due to accumulation of fluid in the retina. The pathogenesis of DME is complex and multifactorial with several proposed mechanisms causing capillary leakage following breakdown of the blood retinal barrier [5] . An inflammatory component is suspected with the association of select cytokines including but not limited to vascular endothelial growth factor (VEGF), interleukin-6, intercellular adhesion molecule 1, platelet-derived growth factor, protein kinase C, pigment epithelial-derived factor, and basic fibroblast growth factor amongst many others [6] [7] [8] [9] [10] . Retinal vessel leukostasis, alterations in vascular endothelial cell tight junctions, pericytes, and glial cells are also felt to play a role [11] . Furthermore, the interaction of anatomic structures, such as the vitreous, epiretinal membranes, internal limiting membrane, and posterior hyaloid, may be a factor in causing DME [11] .
Given the significant morbidity associated with DME, multiple treatment methodologies have been studied. Control of blood sugars along with focal laser photocoagulation was the standard of care for over 25 years based on the results of the Early Treatment for Diabetic Retinopathy Study, which showed that early focal laser for patients with CSME resulted in a reduction in the proportion of patients losing three lines of vision [12] . Unfortunately, laser photocoagulation is less successful at restoring visual acuity that has been lost, and patients continue to lose vision over time despite focal laser therapy [13] [14] [15] .
Anti-VEGF therapy has now emerged as front-line therapy to treat DME in many centers worldwide. In 2012, intravitreal ranibizumab (IVR, Lucentis Ò , Genentech, South San Francisco, CA) became the first pharmacotherapy for the treatment of DME approved by the Unites States Food and Drug Administration (FDA) based on the results of the RISE and RIDE trials [16 • ]. Prior to this, intravitreal bevacizumab (IVB, Avastin Ò , Genentech, South San Francisco, CA) had been used as an off-label treatment, as it has also shown efficacy in the treatment of DME and is still used off-label [17] [18] [19] . Intravitreal aflibercept (Eylea Ò , Regeneron, Tarrytown, NY) has recently shown efficacy for the treatment of DME in the VIVID and VISTA trials and was approved by the FDA in July 2014 [20 • ]. The VIVID and VISTA trials showed similar efficacy for the monthly and every 2-month dosing regimen of aflibercept [20 • ]. These three agents are effective, but result in a high treatment burden due to the frequent monthly or bimonthly dosing regimens resulting in potentially high drug costs. Furthermore, there is still a significant portion of patients who are non-responders to anti-VEGF therapy, presumably due to the multifactorial nature of DME [16, 20 • , 21] .
Corticosteroids are non-specific anti-inflammatory agents that address not just VEGF-mediated vascular leakage of fluid into the retina, but also inhibit other inflammatory cytokines, reduce capillary permeability, and inhibit leukostasis [22] [23] [24] [25] [26] [27] [28] [29] . Three different corticosteroids have been investigated for the treatment of DME: triamcinolone acetonide, dexamethasone, and fluocinolone acetonide [30] . Various routes have been investigated to administer corticosteroids for the treatment of DME including peribulbar injection, intravitreal injection, and sustained-release intravitreal implants. This review will address some of the major studies evaluating corticosteroids for DME and will focus on studies published within the last 2 years.
Periocular Versus Intravitreal Injections
Intravitreal injection of corticosteroids includes a number of side effects and risks including progression/induction of cataract, increase in intraocular pressure (IOP), pseudoendophthalmitis, and endophthalmitis [31] [32] [33] [34] . All of these risks are increased in diabetic patients. Posterior subtenons injections (PSTI) provide a periocular depot with a reduced side effect profile and have been investigated as a potentially safer option for the treatment of DME. A few initial studies investigating the role of PSTI of triamcinolone in the treatment of DME showed promising results with improvement in vision [35] [36] [37] [38] and reduced side effects compared to intravitreal injection of triamcinolone (IVTA) [39, 40] . The Diabetic Retinopathy Clinical Research Network (DRCR.net) performed a phase II, randomized, prospective, pilot study (Protocol E) to determine the safety and efficacy of PSTI of triamcinolone either alone or in combination with focal laser in mild DME which failed to find a benefit of PSTI of triamcinolone and noted significant adverse effects from the injections including elevated IOP and blepharoptosis [41] . This study only included patients with good visual acuity; so PSTI of triamcinolone may still be a useful adjunct for diffuse diabetic macular edema with poor visual acuity when performed prior to grid focal laser, as has been suggested by other studies [42, 43] . The duration of effect has been found to be longer following IVTA compared to PSTI [44, 45] . A few studies have found that PSTI of triamcinolone are associated with an increase in IOP but the degree of IOP increase to be lower than IVTA [46, 47] . Other side effects reported after PSTI of triamcinolone include reactivation of infectious retinitis [48] , cutaneous hypopigmentation [49] , retinal and choroidal vascular occlusion [50] , infectious crystalline keratopathy [51] , herpetic keratitis [52] , orbital abscess [53] [54] [55] , encapsulated cyst [56] , and infectious scleritis [57] .
Triamcinolone Acetonide
Three different formulations of triamcinolone acetonide have been tested in various clinical trials: Trivaris Ò (Allergan, Irvine, CA), Triesence Ò (Alcon, Ft. Worth, TX) and Kenalog Ò (Bristol-Myers Squibb, Princeton, NJ). Kenalog is not our preferred choice of drug for intravitreal injection due to the presence of preservative. Trivaris is no longer commercially available in the United States. Triesence is preservative-free and is our preferred formulation of triamcinolone acetonide for intravitreal injection. The majority of the studies discussed used Triesence unless specifically noted.
The DRCR.net performed a randomized, prospective clinical trial (Protocol B) comparing two doses (1 and 4 mg) of IVTA (Trivaris) monotherapy to focal laser photocoagulation and found that IVTA was associated with better vision at 4 months but with increasing time, the focal laser group had better visual acuity [14] . This was especially evident at 3 years [58] . Additionally, the focal laser group had a much lower incidence of cataract and glaucoma. Another prospective, randomized clinical trial by the DRCR.net (Protocol I) found IVTA plus prompt laser to be superior to laser alone at 24 weeks but the treatments were equivalent at one and 2 years [59, 60 • ]. The lack of difference at 2 years may have been due to the development of cataract after IVTA. IVR plus either prompt or delayed laser was associated with better vision compared to laser Curr Ophthalmol Rep (2014) 2:158-166 159 alone at all time points. Subgroup analysis of pseudophakic eyes showed that IVTA plus prompt laser was as effective as IVR with a lower treatment burden. Recent studies have expanded our knowledge in the use of IVTA. O'Day et al. reported a prospective, randomized trial treating patients with IVTA plus focal laser and evaluating baseline characteristics (age, gender, best-corrected visual acuity, glycosylated hemoglobin, phakic status, central macular thickness (CMT), and IOP) predictive of the number of treatment needed over a 2-year period and only found having higher baseline CMT was associated with an increased number of treatments [61] . IVTA was studied in DME eyes unresponsive to bevacizumab and was found to improve visual acuity at one and 2 months, but not at 3 months, after treatment, with multivariate analysis showing that increased aqueous levels of intraocular interleukin-8 pre-treatment were associated with increased efficacy [62] .
Intravitreal anti-VEGF therapy has been compared with IVTA injections. A pilot study comparing a single injection of 4 mg IVTA versus 3 monthly injections of IVB found no significant difference between the two groups in visual acuity or retinal thickness at 3 months [63] . A randomized trial comparing 3 monthly injections of 2.5 mg IVB versus a single injection of 8 mg IVTA followed by two sham injections and then a PRN treatment protocol for both groups found similar visual acuity at 6 months but significantly worse vision in the IVTA group at 1 year [64] . The difference in visual acuity may have been due to cataract formation in the IVTA group versus differential effects of the two medications on the angiogenic versus inflammatory pathways. A recent meta-analysis by Zhang et al. of eight studies comparing 4 mg IVTA vs either 1.25 or 1.5 mg IVB found a significant visual benefit of IVTA versus IVB at 4, 8, 12, and 24 weeks; however, the improvement in central macular thickness was only significant at 4 weeks in the IVTA group versus bevacizumab [65] . It is unclear why visual acuity was better in the IVTA group but the CMT was not significantly different between the two groups.
Saeed reported the results of an Egyptian randomized trial of 34 eyes from 34 patients with intractable DME without vitreomacular traction comparing vitrectomy with removal of the posterior hyaloid plus 4 mg IVTA and 1.25 mg IVB at the end of procedure versus macular focal laser performed 2 weeks after 4 mg IVTA plus 1.25 mg IVB. In this study, visual acuity was found to be better in the vitrectomy group at month 3, equal at month 6, and worse at 1 year; meanwhile, central retinal thickness was better at all time points in the laser group except for month 3 [66] . They concluded that the combined treatment of IVTA, IVB, plus focal laser was superior to vitrectomy combined with the same injections. The vitrectomy group had a higher cataract rate that could have accounted for the worse vision at 1 year.
There appears to be a significant difference in the pharmacokinetics and pharmacodynamics between different triamcinolone acetonide preparations with increased particle size correlating with increased durability and efficacy [67] . A new, simple technique of using centrifugeconcentrated IVTA (Triesence) found triamcinolone to be present in the vitreous for a median of 3 months longer compared to non-concentrated IVTA [68] . This technique may be useful to get a sustained duration of action after IVTA and avoid the need for repeat injections.
Other ocular effects of IVTA have recently been studied and found to be significant. A randomized, prospective trial found that IVTA was associated with a sustained reduction of choroidal thickness in patients with DME; the choroidal thickness remained unchanged after IVB [69] . Color Doppler imaging of ocular hemodynamics after IVTA and IVB found that the end diastolic volume decreases in the ophthalmic artery and posterior ciliary arteries after IVTA while peak systolic velocity and end diastolic volume decrease significantly in the ophthalmic artery after IVB [70] . The significance of the changes in choroidal thickness and blood flow is unclear but both suggest diabetes-associated vascular alterations may be more selectively steroidresponsive rather than to anti-VEGF agents. A trial evaluating the refractive changes after pharmacologic resolution of DME using both anti-VEGF agents and IVTA found the spherical equivalent change to be insignificant after resolution of DME [71] . The authors recommended giving spectacle correction to patients at any time during ongoing therapy. An exploratory analysis found that both IVTA and IVR are associated with a reduced risk of worsening of proliferative diabetic retinopathy, but felt that the risk profile of the drugs did not warrant their use for this purpose [72] .
The economic impact of DME steroid pharmacotherapy has received increasing attention. A cost effectiveness analysis of anti-VEGF therapy with IVR versus triamcinolone either alone or combined with focal laser found IVR plus laser to be the most cost effective therapy with an incremental cost effectiveness ratio of $12,410 per qualityadjusted life-year over IVTA plus laser [73] . In addition, laser or IVTA monotherapy was found to be less effective and more costly than combination therapy [73] . Another cost effectiveness analysis found IVTA to be at least as effective as focal laser for visual acuity \20/200, IVTA plus focal laser to be equivalent to anti-VEGF in pseudophakic eyes, and less frequent treatment with aflibercept to give equivalent visual acuity results as more frequent treatment [74] . An analysis of the DRCR.net Protocol I trial found IVR plus either prompt or delayed laser to be more cost effective for phakic patients with an incremental cost of $3,084 per letter gained over 2 years and IVTA plus prompt laser more cost effective for pseudophakic patients not at high risk for glaucoma [75] . For pseudophakic patients, ranibizumab plus deferred laser was the only treatment superior to IVTA plus prompt laser, but had an incremental cost of $14,690 per letter gained which was not felt to be justifiable for the small incremental gain of 1.36 letters over 2 years.
Elevation of IOP and cataract formation are the two most common side effects after IVTA; younger male patients with higher baseline IOP were found to have the greatest risk for elevation in IOP whereas eyes with prior vitrectomy were less likely to have elevated IOP [76] . Elevation of IOP that is recalcitrant to maximal medical therapy can be successfully managed by vitrectomy to remove the steroid from the eye [77] . Endophthalmitis after intravitreal injection of IVTA is reported to occur at a similar rate as after other intravitreal injections with no difference in the rate in the office versus operating room settings and an overall rate of endophthalmitis after intravitreal injection of 0.043 % [78] . No benefit is found with topical antibiotics before or after intravitreal injections and there is a trend toward an increase in the rate of endophthalmitis with the use of topical antibiotics [79, 80] . Sterile endophthalmitis after IVTA is characterized by an immediate granulocytic infiltration, with an increased incidence with the use of preservative-containing solutions [81] . Prior vitrectomy, prior IVTA injection, internal limiting membrane peeling, and pseudophakia were associated with an increased risk of sterile endophthalmitis [82] . In general, visual outcomes are good after treating the eye acutely as if it was infectious endophthalmitis [83] . Other recently reported, though rare, side effects of intravitreal injection of triamcinolone include persistence of crystals on the surface of the retina for multiple years resembling crystalline retinopathy [84] , reactivation of viral retinitis [85] , intraocular hemorrhage, retinal detachment, and fulminant toxoplasmic retinochoroiditis [86] .
Dexamethasone
Despite having a slightly increased duration of effect compared to anti-VEGF agents, IVTA is still limited in its duration of action in the eye. Sustained-release corticosteroid implants have been developed to reduce the treatment burden on patients and mitigate the risk of repeat intravitreal injections. It has been suggested that sustained low-dose release of corticosteroid into the vitreous may be more efficacious compared to higher bolus doses seen after IVTA injection [87] . A bioerodible dexamethasone implant (Ozurdex Ò , Allergan, Inc, Irvine, CA) has recently become the first corticosteroid FDA approved for the treatment of DME. It releases steroid into the vitreous cavity for approximately 6 months with peak concentrations in the first 2 months [88] . A study using optical coherence tomography-based monitoring of CMT to determine the ideal retreatment interval after injection of the dexamethasone implant found a rapid and dramatic effect on macular edema for about 8 weeks and a modest effect up to week 32; the ideal retreatment point was felt to be week 20 [89] .
Two large, randomized, prospective clinical trials evaluating the safety and efficacy of the dexamethasone implant to sham treatment in DME found the percentage of patients meeting the primary endpoint of a greater than 15 letter improvement in vision to be 22.2 % and 18.4 % after the 0.7 and 0.35 mg dexamethasone implants, respectively; 12.0 % met the same endpoint after sham treatment [90 •• ] . A mean of approximately four treatments was needed during the 3 years of the trial. The mean reduction in CMT was similar (*110 lm) with the two doses of dexamethasone implants and significantly better than sham treatment (*40 lm). Over three times, as many patients developed cataracts after the dexamethasone implant compared to sham. An increase in IOP of [10 from baseline was noted in 27.7 and 24.8 % for the 0.7 and 0.35 mg doses, respectively, but was controlled with medications or monitoring, and trabeculectomy was needed only in two patients for the 0.7 mg dose and one patient for the 0.35 mg dose. Callahan et al. reported on a randomized, controlled trial evaluating eyes treated with the dexamethasone implant and focal laser versus focal laser alone found a greater proportion of patients gaining at least ten letters in the combination group at months one and nine, but no difference at 1 year [91] . The results from these trials led the FDA to approve the 0.7 mg dexamethasone implant for use in pseudophakic patients with DME or phakic eyes scheduled to undergo cataract surgery.
The newer design of the dexamethasone implant injector was found to require lower force for scleral penetration compared to the old design [92, 93] . Despite the larger gauge and use of a tunneled incision, dexamethasone implant injection was not found to be more painful than anti-VEGF injection [94] .
Aphakic and pseudophakic eyes are at risk of anterior migration of the dexamethasone implant with vitrectomized patients being at much higher risk [95] [96] [97] [98] . Anterior migration of the implant is associated with corneal decompensation, pain, elevated IOP, and misidentification as a hypopyon. Fortunately, the implant can often be surgically repositioned into the vitreous cavity, but in select cases, surgery may be required to remove the displaced implant. The dexamethasone implant has also been found to be trapped anterior to the anterior hyaloid face and between the posterior capsule and a silicon oil bubble, in both cases it spontaneously relocated to the inferior vitreous cavity without any other complications [99, 100] . Fragmentation of the implant has been noted to occur during injection or shortly thereafter; fortunately, this does not change the rate or duration of drug delivery in the eye [101] [102] [103] [104] . Inadvertent injection of the dexamethasone implant into the crystalline lens can be safely and successfully managed by standard cataract extraction with phacoemulsification [105, 106] .
Fluocinolone Acetonide
Two different sustained-release fluocinolone acetonide (FA) devices have been studied in the treatment of DME: a non-bioerodible, extended release, implantable FA device (Retisert Ò , Bausch and Lomb, Rochester, NY) which needs to be surgically implanted in the operating room and a much smaller, non-bioerodible, injectable FA insert (Iluvien Ò , Alimera, Alpharetta, GA) which can be injected as an outpatient procedure. The FA device is currently only approved in the US for the treatment of non-infectious posterior uveitis [107] . The Iluvien FA insert is approved for the treatment of DME in parts of Europe but has been rejected by the FDA twice. The most recent letter from the FDA to the manufacturer was promising and the manufacturer has submitted the insert for approval a third time.
The Retisert FA device releases 0.59 lg/day of FA over the 3-year lifespan of the device [107] providing a constant release of drug which avoids the peak and trough effect of steroid solutions injected into the vitreous or bioerodible implants. There have been a few studies evaluating the efficacy and safety of the FA device in DME. A 4-year, randomized, prospective study of the FA device versus additional laser in cases of persistent DME, despite focal laser 12 weeks prior to study entry, met the primary endpoint of a greater than 15 letter gain of VA at 6 months and the secondary endpoints of reduction of CMT and DR severity score [108] . However, the side effect profile was notable for 91 % of phakic patients needing to have cataract extraction during the study, 61.4 % of patient having IOP elevation greater than 30, and 33.8 % requiring surgery for control of IOP. The device requires implantation in the operating room and the high incidence of IOP elevation requiring surgical intervention has limited the use of this device in routine clinical practice.
The Iluvien FA insert releases 0.2 or 0.5 lg of FA over the three-year lifespan of the insert [109] and is injected via a modified needle system similar to IVTA. The ocular concentration of drug for both concentrations peaks at 1 week and remains at that level for 2 months prior to declining to a steady state level for at least 12 months [109] . Two randomized, prospective, sham injection controlled trials (FAME) evaluating the efficacy and safety of the 0.2 and 0.5 lg FA inserts found both doses to meet the primary study endpoint with 28 % of patients achieving a greater than 15 letter gain in visual acuity compared to 16 % in the sham group [110] . At 2 years, the mean improvement in visual acuity was 4.4 and 5.4 letters for the 0.2 and 0.5 lg doses, respectively, compared to 1.7 letters for sham. The rate of incisional glaucoma surgery was 3.7 and 7.6 % for the 0.2 and 0.5 lg, respectively. The results at 3 years were similar [111 •• ] . Unfortunately, nearly all phakic patients required surgery by 3 years. In a subgroup analysis, the low-dose (0.2 lg) insert was found to be more effective for patients with DME of greater than 3 years duration compared to those with DME of less than 3 years duration [112] . This is significant as it represents a treatment option for patients with DME that is recalcitrant to other treatment options.
Conclusion
IVTA is an effective off-label treatment option for refractory DME in pseudophakic patients. The duration of effect is longer than after anti-VEGF injection or PSTI of triamcinolone but reinjections are needed after three to 6 months. The duration of effect seems to be greater with increased dose of injected triamcinolone but the increase in intraocular pressure is also greater with increasing doses of IVTA. The dexamethasone implant is the first FDA approved corticosteroid for DME but it is only approved for pseudophakic patients or those scheduled for cataract surgery. The increase in IOP with the dexamethasone implant is less severe than the IOP increase seen with IVTA injection. The FA insert is available for use in a limited number of countries at this time; FDA approval has been denied in the past, but seems promising based on the last letter to the manufacturer. Approval of this device in the US would be a significant addition to the range of choices available to physicians for the treatment of chronic DME as it has shown significant promise in treating chronic DME which has traditionally been recalcitrant to treatment. The fluocinolone insert also represents a significant decrease in treatment burden as it is active for 3 years with caution to the fact that nearly all patients will develop a cataract requiring surgery within 3 years and the risk of IOP increase is significant though it is less for the low-dose insert.
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